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論 文 内 容 要 旨          
The maintenance of piping systems is an important concern in many industries to secure the reliability of these 
systems. Although the major existing inspection methods for flaws inside pipes, such as ultrasonic and eddy 
current testing, are highly accurate at detecting defects, they are also costly and require long inspection times. 
Therefore, a quicker and more efficient nondestructive testing (NDT) method must be developed to inspect long 
piping systems. An NDT technique using microwaves has been studied as one such inspection method. In this 
method, the transmission and reflection of microwaves propagating inside a metal pipe are used to detect flaws 
appearing on its inner surface. Because microwaves can propagate over a long distance in a metal pipe with little 
attenuation, the method is suitable for quickly inspecting long piping systems. 
Earlier studies have demonstrated that this method can detect and evaluate wall thinning by analysing the 
transmission and reflection of microwaves propagating inside a metal pipe. Additionally, the time-of-flight and the 
amplitude of reflection were shown to be well-correlated with the location and volume of flaws, respectively. These 
results suggested that the technique could be applied to larger-diameter pipes through experimental studies and 
numerical evaluations of the electromagnetic fields inside pipes. Because earlier studies have revealed the possible 
application of this technique to pipes in general, the present study addresses the following basic issues to show the 
validity of the method. 
(1) Development of a generalized approach for applying the method to a pipe of arbitrary diameter 
 (2) Evaluation of microwave attenuation in a long pipe and the limit of detection distance 
 (3) Experimental evaluation of the method’s applicability to crack detection 
 (4) Numerical evaluation of the method’s applicability to bent pipes 
 Chapter 1 is the introduction of this study, which provides a background, outlines earlier studies and discusses 
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the specific purpose. 
Chapter 2 gives the theoretical background of the nondestructive microwave testing method for flaw detection in 
metal pipes. Section 2.1 gives the general theory of microwaves inside a waveguide. First, Maxwell’s equations and 
the electromagnetic wave equation in a waveguide are explained. Second, an electromagnetic wave inside a 
conductor and the velocity of an electromagnetic wave inside a waveguide are shown. Finally, electromagnetic 
waves inside circular and coaxial waveguides are shown. Section 2.2 discusses the theory of the Fourier transform. 
Section 2.3 gives the theory of the numerical simulation used in this study. Section 2.4 describes the test 
equipment used in this study. Section 2.5 introduces the signal processing method which compensates the 
dispersion of microwave inside pipes.  
Chapter 3 investigates the first issue, the development of a generalized approach for flaw detection inside an 
arbitrary-diameter pipe, through optimizing a microwave excitation probe that introduces microwaves into a pipe. 
An optimization parameter was proposed based on the transmission characteristics obtained by three-dimensional 
finite element simulations. The numerical simulations of the electromagnetic fields for several microwave probe 
profiles revealed that the reflected microwaves at the probe were much smaller for a semielliptical microwave 
probe in large-diameter pipes. Microwaves of the TM01 mode also propagated dominantly inside the pipes, 
independent of sweeping frequency. However, both the plate-structure and semielliptical probes showed greater 
transmission in small-diameter pipes. Experimental verifications were consequently conducted using an optimized 
microwave probe for straight brass pipes with inner diameters of 11.0, 19.0, 39.0 and 57.5 mm. The results showed 
that much clearer signals due to wall thinning were obtained using the semielliptical probe than with the 
conventional plate-structure probe in pipes with diameters of 39.0 and 57.5 mm. However, clear signals were 
obtained with both semielliptical and plate-structure probes in pipes with diameters of 11.0 and 19.0 mm. These 
results verified the proposed optimizing method. Therefore, the applicability of the NDT technique to an 
arbitrary-diameter pipe was shown practically using the optimized probe obtained by numerical simulation. 
Chapter 4 evaluates microwave attenuation inside a pipe and the limit of detection distance. Because microwave 
attenuation is not negligible in long pipes, it is very important to evaluate the effects of pipe diameter, conductivity 
and surface roughness on attenuation. In the present study, experimental evaluation of the relationship between 
the amplitude of reflected signals and flaw location was conducted using brass or stainless-steel pipes with total 
lengths of 18.0–26.5 m and diameters of 11.0, 19.0, and 39.0 mm. These experiments aimed to reveal the amount 
of microwave attenuation inside the pipes based on the theory of energy loss at the pipe inner wall surface. 
Moreover, an estimation method for microwave attenuation in a general metal pipe was proposed. The limit of 
detection distance using the current technique was thus evaluated. The experimental results showed that wall 
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thinning of 1.0 mm could be detected at approximately 25 m in brass pipes with diameters of 11.0, 19.0 and 39.0 
mm, even though the signal-to-noise ratio was small. However, the amount of attenuation in the stainless-steel 
pipes, the conductivity of which is approximately one-tenth of brass pipes, was much larger, and the reflected 
signals due to wall thinning 18.0 m from the microwave probe could not be distinguished from the reflections due 
to flange connections. Thereafter, the attenuation estimation method was confirmed through comparison between 
the calculated signal amplitudes and experimental results. According to this confirmation, the proposed method 
accounted for the losses due to wall conductivity and surface roughness and accurately estimated microwave 
attenuation, thereby enabling the attenuation in a general pipe to be estimated by measuring its conductivity and 
inner-surface roughness.  
Chapter 5 experimentally evaluates the applicability of the method to the detection of circumferential cracks in 
the pipe. Most previous investigations have focused on detecting wall thinning; however, cracks are also important 
defects in the maintenance of a general piping system. Generally, cracks are more difficult to detect and evaluate 
than wall thinning because of their size. Earlier studies on crack detection using the NDT method also obtained a 
low signal-to-noise ratio. Therefore, the present study evaluated crack detectability using an optimized microwave 
excitation probe dominantly introducing TM01 mode microwaves, as discussed in Chapter 3. Slits were introduced 
as cracks in the present study because of the difficulty of modeling true cracks. Numerical simulations of the 
electromagnetic fields around pipe slits of various lengths in both axial and circumferential directions were 
conducted to evaluate the distribution of surface current density and the quantity of reflection due to the slit. The 
results showed that microwaves in the TM01 mode excited the surface current in the pipe axial direction, which 
was impeded by a slit in the pipe circumferential direction, thereby generating a larger reflection compared to that 
of a slit in the pipe axial direction. Conversely, microwaves in the TE01 mode excited the surface current in the pipe 
circumferential direction, and a larger reflection was generated by a slit in the pipe axial direction. Experimental 
verification was consequently conducted using straight brass pipes with slits in both directions. An obvious 
reflected signal due to a slit in the pipe circumferential direction was obtained using microwaves in the TM01 mode. 
Additionally, a slit located 12.0 m from the microwave probe provided the reflected signal, although its amplitude 
was as small as that of the reflection due to the flange connections. However, little reflection was obtained from a 
slit in the pipe axial direction. Therefore, to evaluate the effect of flange connections on the signal to ratio of the 
reflections due to the slits, the experiment using straight metal tubes 7 m in length was carried out. The artificial 
circumferential slits penetrating the tube wall were introduced. The experiments confirmed that clear reflections 
could be detected from a slit 6 m away from the excitation probe and the signal to noise ratio was three times as 
large as that in pipes with flange connections. The detection of a slit in the pipe axial direction using TE01 mode 
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microwaves is a future issue to be solved for this technique. 
Chapter 6 numerically evaluates the applicability of the method to a bent pipe. Most previous studies have 
focused only on straight piping; however, most pipes include a bent part. A pipe with a diameter of 19.0 mm and a 
bent part at an angle of 90 or 180 degrees was modeled to evaluate the dependence of the reflection and 
transmission characteristics on the radius of curvature and bend angle. In this evaluation microwaves of TM01, 
which is used in most of earlier studies, or TE01 mode, which is expected to be enabled to detect a crack in the pipe 
axial direction, were emitted at an end of the pipe having the bended part. The results of the case of TM01 mode 
excitation showed that a bend strongly affected the mode conversion from TM01 mode to TE1X mode; this 
conversion was particularly strong at a high frequency range. Moreover, the microwaves at the outlet of the bend 
comprised a mixture of the TM01 and TE1x modes when the radius of the curvature was smaller than twice the 
diameter, although the amount of reflection at the bent part was small. However, microwaves in the TM01 mode 
dominantly propagated when the radius of the curvature exceeded three times the diameter. On the other hand, 
the results of the case of TE01 mode excitation showed that TE01 mode was converted to TE11 mode in any diameter 
pipes with a bend of 90 degrees. In addition, TE11 mode at the angle of 90 degrees was converted to TE01 mode at 
the angle of 180 degrees in the bend part. Therefore, flaws can be detected in a pipe including a bent part with a 
larger radius of curvature by using both TM01 and TE01 mode of microwaves. Additionally, the necessity of 
considering mode conversion was identified in pipes with a small radius of curvature. 
Chapter 7 summarizes this study to develop the microwave NDT method. First, to apply the method to an 
arbitrary pipe, a general method for optimizing the microwave excitation probe profile was proposed and 
experimentally verified. Second, the microwave attenuation inside metal pipes was evaluated experimentally 
using long pipes, and a method for estimating the attenuation was proposed and verified. Third, crack 
detectability was evaluated experimentally using slits, which showed the applicability of the present technique to 
detect slits in the pipe circumferential direction. Finally, numerical evaluation was conducted for the reflection and 
transmission characteristics at pipe bends. This study clearly shows the validity of microwave NDT and identifies 
future issues in applying this technique to general pipes. 
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